We investigated age-related changes in adaptation and sensory reintegration in postural 23 control without vision. In two sessions, participants adapted their posture to sway reference 24 and to reverse sway reference conditions, the former reducing (near eliminating) and the latter 25 enhancing (near doubling) proprioceptive information for posture by means of support-26 surface rotations in proportion to body sway. Participants stood on a stable platform for 3 27 minutes (baseline) followed by 18 minutes of sway reference or reverse sway reference 28 (adaptation) and finally again on a stable platform for 3 minutes (reintegration). Results 29
Introduction 47
Control of upright standing relies on the integration of sensory signals from vestibular, visual 48 and proprioceptive channels, thereby capitalizing on the redundancy of sensory information 49 in this task (for a review see Balasubramaniam and Wing 2002) . This plethora of available 50 information allows humans to maintain postural stability even when information from one or 51 even two of the sensory channels is compromised, for instance in age-or disease-related loss 52 of vestibular, visual or proprioceptive function, by reweighting information from the 53 remaining channels. In daily living, the ability to quickly reweight sensory information in 54 response to sudden changes in the environment is also frequently challenged, for example 55 when a bus is stopping or when moving from a bright to a dark environment. Although such 56 adaptations have been identified as one of the contributing factors to fall accidents in older 57 adults (Horak 2006), empirical evidence related to changes in the speed and nature of sensory 58 integration in the elderly is surprisingly sparse. In this study we investigate how young and 59 older adults adapt their postural control when inaccurate proprioceptive information is 60 introduced. Our focus is on age differences in the time course of adaptation and on the nature 61 of underlying sensory reintegration processes once the accurate environment is restored. 62
Adaptation and sensory (re)integration in postural control has been previously 63 demonstrated by Peterka and Loughlin (2004) . In their study participants adapted without 64 vision to two inaccurate sensory environments in which feedback from ankle proprioception 65 was either reduced or enhanced. These manipulations were achieved by means of platform 66 rotations (tilts) in proportion to body sway or support surface "sway referencing" (Black et al. 67 1983; Nashner 1982) and "reverse sway referencing" respectively. In one condition 68 participants stood on a stable (fixed) surface with eyes closed immediately followed by sway 69 reference and finally again on a stable surface. When sway reference was introduced the 70 reduced proprioceptive feedback resulted in low frequency (~0.1 Hz) body oscillations,proprioceptive information results in an increase in proprioceptive weight, which together 97 with the already high vestibular leads to a summed weight greater than one (ΣW = W v + W p > 98 1). This increase causes an aftereffect reflected on sway at high frequencies (~ 1 Hz), which 99 decays until typical levels of weights for the two channels are restored (Mahboobin et al. 100
2009; Mahboobin et al. 2008). 101
The model predicts the opposite scenario for the transition from stable stance without 102 vision to reverse sway reference. The enhanced proprioceptive feedback in this case (compare 103 Figure 1 top, bottom) is reflected in the model as a sum of weights greater than 1 (ΣW = W v + 104 W p > 1), resulting in over-generation of torque (frequencies ~ 1Hz). Early in adaptation to 105 reverse sway referencing the sensory weights for both proprioceptive and vestibular 106 information will be reduced in order to reduce the observed over-generation of torque, and 107 gradually reliance will shift mostly towards the accurate vestibular information. Accordingly, 108
aftereffects following reverse sway referencing should be characterized by ΣW = W v + W p < 109 1 because the proprioceptive weight has been adapted below normal levels. Peterka and 110 Loughlin (2004) found good support for their model for adaptation to sway reference and 111 reverse sway reference, but aftereffects were only observed after sway reference possibly 112 because of the short adaptation period (1 min). 113
The described studies document salient aftereffects following young adults' 114 adaptation to changes in sensory input. As to later adulthood, it has been suggested that vibration (Hay et al. 1996) indeed found older adults to be more affected by these 120 manipulations and to take more time to regain postural stability. While these results point toage-related problems in sensory reintegration, the nature of the mechanisms affected and the 122 link with extant models of postural control remains elusive. 123
In the present study we investigated young and older adults' ability to adapt to an 124 environment with inaccurate proprioceptive information using sway reference. Different from 125 previous studies mostly using short, repeated posture trials, we used a paradigm of prolonged 126 standing (18 min) aiming to study the time course of adaptation to the inaccurate environment 127 and to produce long and systematic aftereffects of sensory reintegration. Using the linear 128 feedback model we predicted that introduction of sway reference would result in under-129 generation of corrective torque (sway frequencies ~0.1 Hz), whereas introduction of reverse 130 sway reference would result in over-generation of torque (sway frequencies ~1 Hz). 131
Furthermore, we expected a reduction in postural sway over the course of adaptation 132 reflecting a shift in reliance to the accurate, vestibular information. Upon restoration of the 133 stable platform we expected that reintegration of accurate proprioceptive information would 134 result in aftereffects of increased postural sway reflected in a complementary frequency 135 pattern after sway reference (shift from ~0.1 to ~1Hz) and reverse sway reference (shift from 136 ~1 to ~0.1Hz). More importantly, we predicted that in older adults the increase in sway 137 during sensory reintegration will be greater and the return to baseline levels of sway will take 138 longer than in young adults revealing age-related slowing in sensory reintegration. 139
140

Methods 141
Participants 142
Fourteen young and thirteen older adult volunteers participated in the study. One older adult 143
was not able to maintain stability on a sway-referenced platform with eyes closed during the 144 practice trial and was excluded from the sample (Young adults: Mean Age= 24.5, SD= 3.5 145 years, 7 male, 7 female; Older adults: Mean Age= 69.8, SD= 3.3 years, 6 male 6 female).
Participants were recruited through the laboratory's database and were paid 8 euro per session 147 or received course credit for their participation. Screening tests included two subtests from 148 the Wechsler Adult Intelligence Scale WAIS (Wechsler 1981) , digit span forward (M young = 149 9.5 items SD = 1.66 M older = 8 items, SD = 1.9), and backward (M young = 7.9 items, SD = 2.1, 150 M older = 5.5 items SD = 1) and digit symbol substitution (M young = 93.8 items, SD = 10.7; 151 M older = 62.8 items SD = 16.9). Lower scores by older adults in these tasks reflect normal age-152 related decline in processing speed and working memory (Verhaeghen and Salthouse 1997) . This trial familiarized participants with the platform condition used during adaptation in that 224 session (sway reference or reverse sway reference) and ensured that they were able to 225 maintain stability in this condition. During the practice trial, participants stood on the 226 platform for 1 minute (young adults), or 2 minutes (older adults). Starting with eyes open, 227 they were asked to be as stable as possible while looking at a countdown timer displayed on a 228 monitor in front of them for the first half of the trial, and to close their eyes for the second 229 half. After the practice trial, screening tests were performed for 5-10 minutes, and then the 230 main experiment ensued. 231
For the main experiment participants were asked to stand on the platform with the 232 blindfold and harness on and to be as stable as possible during the four 6-minute (4 x 360s) 233 blocks of the session (Figure 1 ). At the start of each block participants put the blindfold on 234
and after approximately 30s data collection started. The first block included 3 minutes of 235 standing on a stable platform to establish a baseline, immediately followed by 3 minutes of 236 adaptation to sway reference or reverse sway reference. The experimenter informed 237 participants about the switch 5-10s before, to avoid abrupt changes and high instabilities 238 especially in older adults. Adaptation continued through the second, third, and the first 3 239 minutes of the fourth block (Figure 1, black bar) . Halfway through the last block the platform 240 stopped at its current position, data recording stopped for 2-3 seconds while the platform 241 returned slowly to level position, and stable platform recording started for the last 3 minutes 242 of the fourth block. Breaks, lasting between 3-4 minutes were included between blocks, to 243 moderate fatigue effects. At the start of the break participants removed the blindfold, and sat 244 on a chair situated in front of the platform. They remained seated throughout the break inorder to minimize the duration of standing on a stable environment. During the experiment 246 participants were not informed about the exact way platform movements were generated. 247
They were debriefed about the purpose of the experiment at the end of session 2. 248 249
Data Analysis 250
The Anterior-Posterior (AP) COP trajectory was used in all analyses. Data were reduced first 251 by discarding the first and last 5s of each 6-minute (360s) block, and then by segmenting each 252 block into ten 35s time windows (40 for the whole session). Time window duration of 35s 253 was chosen because its length is typical of a posturography trial, it allowed division of each 6 254 minute block to 10 windows to assess changes in path length over time and it provided a 255 sufficient resolution to perform spectral analyses. performed, with alpha level corrected for multiple comparisons to .01, to check whether 314 aftereffects were reliable. In young adults, aftereffects were reliable for sway reference only 315 at window 36 (1260-1295s; t(13) = 4.52, p < .01), and for reverse sway reference at windows 316 36 (1260-1295s; t(13) = 4.8; p < .001) and 38 (1330-1365s t(13) = 2.2; p < .01). In older 317 adults aftereffects were reliable after sway reference at windows 36-39 (1260-1400s, all tvalues (11) > 3.2, p < .01) and after reverse sway reference at windows 36-37 (1260-1330s, 319 all t values (11) > 2.92, p < .01). 320
In summary, path length analyses suggest that when inaccurate proprioceptive 321 information was introduced, postural sway increased but to the same degree in the two age 322 groups. Young and older adults adapted to the two platform conditions by reducing sway over 323 time, and they did so at the same rate. However, age differences emerged when the stable 324 platform was restored and proprioception had to be reintegrated. As predicted, robust 325 aftereffects in both age groups were shown, which were larger in magnitude and lasted longer 326 for older adults. In the remainder of this section we apply spectral analyses to show how 327 sensory reweighting can account for the observed behavioural pattern and age differences 328
therein. 329 330
Spectral analyses 331
Regarding the spectral characteristics of AP COP sway we predicted that during sway 332 reference, amplitude will be greater than baseline at low frequencies, near 0.1 Hz, and in 333 reverse sway reference at higher frequencies, near 1 Hz. When the stable platform is restored 334 the aftereffect was expected to show a complementary pattern, namely high frequency 335 resonance after sway reference and low frequency after reverse sway reference, both effects 336 reflecting sensory reweighting. 337 
Aftereffects of increased sway due to sensory reintegration 414
The key finding of this study relates to the demonstration of robust aftereffects for both types 415 of distortions of proprioceptive information. Importantly, we showed that these effects were 416 greater, and decayed more slowly in the older group, occasionally still keeping sway above 417 baseline levels after minutes. These aftereffects at the level of AP path length can be bestunderstood in terms of sensory reintegration, the temporary persistence of sensory 419 reweighting while relative weights for the two sensory channels gradually returned to 420 baseline levels. In line with this interpretation, we observed complementary patterns of 421 decaying high and low frequency postural sway during reintegration after sway referencing 422 and reverse sway referencing respectively. This decay was considerably slower in older 423 compared with young adults lending direct support to our assumption that age-related slowing 424 of sensory reintegration was the cause of the pronounced aftereffects in the older sample. 425
Further from the changes in channel weights, another factor contributing to the pattern 426 of sway frequencies during adaptation in the two platform conditions could be the nature of 427 departing from a level of more sway standing blindfolded on a stable platform, older adults 474 experience comparable increases in instability when a novel sensory environment is 475 introduced (inaccurate proprioception) with young adults, and they later improve at similar 476 rates during adaptation. However, the key difference between age groups was that after 477 sufficient adaptation to this novel environment, older adults exhibited great difficulty in using 478 sensory reweighting to change this pattern to return to the stable environment. This finding 479 has parallels with evidence in the cognitive aging literature. In task-set switching studies, adapting to novel or changing environments is but one part of the challenge, a challenge 515 typically met by older adults with startling flexibility. Surprisingly, another challenge awaits 516 in letting go of adapted sensory settings once the environment has returned to normal. 517
Helping the elderly to take this inertia in their own processing into account is an aspect of fall 518 prevention to be considered when designing balance training and rehabilitation programmes. 519 
